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Regulated protein degradation has emerged as a
key recurring theme in multiple aspects of cell-cycle
regulation. Importantly, the irreversible nature of
proteolysis makes it an invaluable complement to
the intrinsically reversible regulation through phos-
phorylation and other post-translational modifica-
tions. Consequently, ubiquitin-protein ligases, the
protagonists of regulated protein destruction, have
gained prominence that compares to that of the
cyclin-dependent kinases (Cdks) in driving the
eukaryotic cell-cycle clock. This review will focus on
the two main players, the related ubiquitin-protein
ligases APC/C and SCF, and how they control cell-
cycle progression. I will also try to delineate the reg-
ulation and interplay of these destruction
mechanisms, which are intricately connected to the
kinase network as well as to extrinsic signals. More-
over, cell-cycle ubiquitin-protein ligases are them-
selves subject to proteolytic control in cis as well as
in trans. Finally, a careful comparison of the func-
tions and regulation of APC/C and SCF shows that,
in certain aspects, their logic of action is fundamen-
tally different.
Introduction
Successful progression through the cell cycle is
dependent on an ordered sequence of cell division
events, such as DNA replication, spindle assembly,
nuclear division, and cytokinesis. To coordinate these
events, eukaryotic cells have evolved a highly regu-
lated oscillator that is driven by waves of cyclin-
dependent kinase (Cdk) activity. The Cdks at the heart
of this cell-cycle clock use reversible protein phos-
phorylation to regulate important processes, like DNA
replication or chromosome condensation, either
directly or through various effector kinases. Thus, the
cell cycle can be viewed as a series of reversible bio-
chemical events, which creates one fundamental
problem: how can it be ensured that a cell moves from
step B to step C instead of going back to step A? In
other words, how is directionality created? The solu-
tion comes from the degradation of proteins that are
needed at a previous stage, because rapid proteolysis
of a slowly synthesized target protein provides an irre-
versible mechanism that blocks the way back, thus
driving the cycle forward.
The first and best-studied support for this principle
is gained from cyclins, the activating subunits of Cdks,
whose gradual accumulation and abrupt destruction
cause the oscillations in Cdk activity and thus control
the cell-cycle clock (see [1] for a recent review). Like-
wise, many other proteins undergo proteolysis at dif-
ferent cell-cycle transitions. In all cases, the route to
destruction leads via the ubiquitin–proteasome
system, which uses the highly conserved polypeptide
ubiquitin as a tag that marks target proteins for degra-
dation by the 26S proteasome. Ubiquitination requires
the generation of polyubiquitin chains on substrate
proteins through the combined action of ubiquitin-car-
rying enzymes (UBCs or E2s) and ubiquitin-protein
ligases (or E3s) that bring substrates and UBCs
together (reviewed in [2]). The specificity of ubiquitin-
dependent proteolysis is achieved at the level of sub-
strate ubiquitination, which gives E3 enzymes key
roles in several cellular processes, especially in the
cell cycle. Two related E3 complexes are most inti-
mately dedicated to basic cell-cycle control, namely
the anaphase-promoting complex or cyclosome
(APC/C), and the SCF (Skp1/cullin/F-box protein)-
related complexes. In this review, I will thus focus on
their roles in the cell cycle, on their regulation, and on
the interplay between them.
The Switchmen: APC/C and SCF
The anaphase-promoting complex was originally dis-
covered as the E3 activity responsible for degradation
of mitotic cyclins (reviewed in [3,4]). Its name reflects
a second important role, namely the ubiquitination of
the anaphase inhibitor securin. Securin is an inhibitory
subunit of separase, a protease that destroys sister
chromatid cohesion at the metaphase-to-anaphase
transition. Initiation of sister chromatid segregation
and resetting the cell-cycle clock by achieving and
maintaining a ‘low Cdk activity’ state (reviewed in [5])
appear to be the only two essential functions of the
APC/C: an elegant recent study shows that budding
yeast are able to limp through the cell cycle in the
complete absence of APC/C activity, as long as their
securin gene has been deleted and mitotic Cdk activ-
ity downregulated by timely overexpression of the Cdk
inhibitor Sic1 [6]. Still, the APC/C appears to have
taken on a number of additional tasks both within and
outside of the cell cycle, including the degradation of
mitotic kinases (such as Polo-like kinases, NIMA-
related kinases, and Aurora kinases), proteins involved
in spindle function (for example the kinesins Kip1,
Cin8, and Xkid), or proteins that function in DNA repli-
cation (such as Cdc6, Dbf4, geminin) [3,4]. Expression
of nondegradable versions of the target often causes
only mild defects, as the activities of many of these
substrate proteins can also be downregulated by non-
proteolytic pathways. For example, the human Polo-
like kinase Plk1 can be inactivated through proteolysis
as well as through removal of an activating phosphate
group [7]. Such findings are consistent with a scenario
that views the cyclin degradation machinery as a late
arrival in evolution that took control over mitotic
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processes that had originally been regulated in a non-
proteolytic fashion [1].
Whereas the APC/C is mainly active in mitosis and
the G1 phase of the cell cycle, and acts as the key
antagonist of mitotic Cdks [5], SCF complexes appear
to be more versatile, fulfilling a variety of functions at
many stages of the cell cycle and beyond. Neverthe-
less, they too were first identified by their involvement
in Cdk regulation: two related budding yeast SCF
complexes (differing only in their F box subunit; see
next section) turned out to be responsible for degra-
dation of the G1 cyclins Cln1 and Cln2, and of the Cdk
inhibitors Sic1 and Far1, respectively [8]. These find-
ings have been extended to metazoan Cdk inhibitors
p21Cip1, p27Kip1, and p57Kip2 [9–11] and several other
factors involved in basic cell-cycle regulation (see
later sections for various examples). In addition,
various SCF complexes appear to control a large
number of other processes that are not directly linked
to the core oscillatory cell-cycle engine. For example,
SCFs are often involved in the integration of external
input through their regulation of transcription factors
such as NF-κB or β-catenin [8].
The Cullin Cousins — Mechanism of APC/C and
SCF Action
In order to understand the regulation of cell-cycle-
dependent proteolysis, we first need to take a closer
look at the ubiquitin-protein ligases in question. The
job description of an E3 enzyme could read as
follows: recognize and bind substrate proteins; recruit
E2 enzymes carrying activated ubiquitin; position
and/or stimulate the E2 to specifically transfer ubiq-
uitin onto the bound substrate; and hold on to the
substrate long enough to allow the assembly of
polyubiquitin chains. 
APC/C and SCF are evolutionarily related multipro-
tein complexes, in which E2 recruitment appears to be
the task of a small zinc binding RING finger protein,
Apc11 in the APC/C [12–14], and Roc1/Rbx1/Hrt1 in
SCF complexes [12,15–18] (Table 1, Figure 1). At least
in vitro, both E3s can cooperate with different E2
enzymes: in the case of SCF, these are Cdc34/Ubc3
and Ubc4/UbcH5 [8], whereas the APC/C utilizes
Ubc4/UbcH5 and E2-C/UbcH10 [3,4]. Within their
complexes, the RING finger subunits are closely
associated with proteins containing so-called cullin
homology domains in their carboxyl termini [12,19,20].
These cullin subunits aid in E2 recruitment, but also
bridge the catalytic module via their amino termini to
distant substrate recruitment sites (Figure 1). Sub-
strate recruitment is best understood for SCF com-
plexes: in the archetypal Skp1/Cul1/F-box protein
complexes (now denoted SCF1 to indicate the pres-
ence of Cul1 [21]), Skp1 associates with the
Roc1–Cul1 heterodimer and bridges it to substrate
adaptors by virtue of its ability to interact with F-
boxes [8,20] (Figure 1). F-box-containing proteins
bear additional protein–protein interaction motifs
(such as WD40 repeats and leucine-rich repeats) that
recognize destruction-mediating sequence elements
— degrons [22] — in target proteins. As SCF1 com-
plexes can associate with a variety of F-box proteins,
the number of possible substrates is enormous. For
example, SCF1 complexes containing the yeast F-
box protein Cdc4 (denoted SCF1Cdc4) ubiquitinate
Sic1, Far1, or Cdc6, whereas SCF1β-TrCP targets β-
catenin or IκBα.
SCF complexes containing other cullins all share
the same RING finger subunit, but differ in their sub-
strate recognition modules (Figure 1). In the place of
Skp1, Cul2-based SCF2 uses the structurally similar
elongin B/C heterodimer as a connection to SOCS-
box-containing substrate adaptors [8,23]. In SCF3
complexes, adaptor proteins bind directly to the
amino terminus of Cul3 via BTB (broad complex/tram-
track/bric-a-brac) domains, which are again struc-
turally homologous to Skp1 [21,24–26]. Cullin4–Rbx1
dimers have recently been shown to associate with
heterodimers of DDB1–DDB2 and DDB1–CSA, pro-
teins involved in DNA-damage repair [27]. Not much is
known about the exact roles of most of these non-
Skp1-based SCFs, but they may well perform some
specialized cell-cycle-related tasks, as exemplified by
Caenorhabditis elegans Cul2- and Cul3-containing
complexes, which have roles in meiosis [28–30]. SCF
complexes involved in basic cell-cycle control,
however, almost exclusively belong to the original
SCF1 type containing F-box proteins.
Less is known about substrate recognition by the
APC/C. The best-studied degrons in APC/C targets
are the nine amino acid destruction (D) box [31] and
the KEN box [32], and two proteins essential for
APC/C activity, Cdc20/Fizzy and Cdh1/Hct1/Fizzy-
related, have been proposed to act as receptors for
these degrons. Indeed, these activators confer a
certain substrate specificity to APC/C-mediated reac-
tions, with APC/CCdc20 preferring D-box-containing
targets and APC/CCdh1 being able to recognize D-box
targets as well as KEN box targets [3,4]. In addition,
full-length substrates bind the APC/C only in the
presence of an activator [33]. Like some F-box pro-
teins, Cdc20 and Cdh1 contain WD40 repeats, sug-
gesting that they may act as substrate adaptors in a
very similar fashion. There is, however, no obvious
Skp1/BTB/ElonginB/C-like subunit in the APC/C, nor
do Cdh1 or Cdc20 directly interact with the cullin
homolog Apc2 [34]; instead, a carboxy-terminal
peptide motif (and possibly also an internal sequence
in the amino-terminal portion) target the activators to
the APC/C core via the tetratrico-peptide repeat
(TPR) subunits of the complex [33–35]. Furthermore,
it is not clear if Cdh1/Cdc20 directly interact with sub-
strates. Some evidence for direct substrate binding to
Cdc20 and Cdh1 in the absence of APC/C has been
obtained [35–38], but no agreement was reached on
the important question regarding which domains of
the activators would be involved (reviewed in [39]).
Thus, it is imaginable that Cdh1/Cdc20 achieve effi-
cient substrate binding only in the context of holo-
APC/C, where they may be aided by core APC/C
subunits like Apc10/Doc1 [33,40]. Such additional
internal degron receptors might also help to explain
the recent finding that substrate fragments contain-
ing tandem D-boxes can bind APC/C in the complete
absence of activators [41].
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Regulation of APC/C and SCF by Phosphorylation
For both APC/C and SCF, substrate recognition and
ubiquitination is tightly regulated by a variety of
mechanisms. Most prominent among them is protein
phosphorylation, which links the degradation
machinery to the kinase-based oscillator. A compar-
ison of how phosphorylation influences ubiquitina-
tion reveals a fundamentally different logic between
APC/C and SCF regulation (reviewed in [42]). SCF
complexes are constitutively active once assembled
with their respective substrate adaptors, but are kept
in check by regulated substrate availability. SCF1
substrates in the cell cycle contain so-called phos-
phodegrons, short sequence elements that are tar-
geted by certain kinases and, once phosphorylated,
reveal the protein as a substrate to the imminent SCF
adaptors. An example of this is Sic1, which has to be
phosphorylated on multiple sites before it can be
recognized and ubiquitinated by SCF1Cdc4 [43]. The
degrons in APC/C substrates, in contrast, are
present at all times, but APC/C activity is restrained
to certain phases of the cell cycle. As mentioned
before, the APC/C depends on activation by Cdc20
and Cdh1, and it is the association with these WD40
proteins that is regulated by phosphorylation. In
mitotic prophase, the APC/C becomes phosphory-
lated on multiple sites by Cdks, and these phospho-
rylations are a prerequisite for interaction with and
activation by Cdc20 from prometaphase until mid-
anaphase, when an initial drop in Cdk activity leads
to activation of APC/CCdh1 [44–49]. Cdh1 can acti-
vate the APC/C irrespective of APC/C’s phosphory-
lation status, but it is itself phosphorylated by Cdks,
preventing it from associating with the APC/C during
phases of high Cdk activity, especially from late G1
to anaphase [3–5].
Further Controls: Keeping the APC/C in Check
Fine-tuning of APC/C activity is achieved by several
mechanisms in addition to Cdk phosphorylation. For
example, substrate ubiquitination by the APC/C is
likely to be regulated not only in time, but also in
space [50–52]. Moreover, feedback control is neces-
sary to ensure the above-mentioned ordered pro-
gression of cell-cycle events, as becomes particularly
evident in the case of the mitotic spindle assembly
checkpoint. This intricate mechanism prevents APC/C-
mediated securin degradation and thus the onset of
anaphase until all chromosomes have been correctly
attached to the mitotic spindle and aligned at the
metaphase plate (for detailed reviews, refer to
[53,54]). At unattached kinetochores, checkpoint
components appear to be assembled into inhibitory
complexes that associate with Cdc20 and prevent it
from activating the destruction of securin or cyclin B.
Puzzlingly, the Cdc20-dependent destruction of
cyclin A and several other prometaphase targets pro-
ceeds unaffected by this inhibition [55–58]. The
checkpoint must also employ an effective amplifica-
tion mechanism, as a single unattached kinetochore
is sufficient to prevent APC/C activation. As
anaphase usually follows shortly after microtubule
attachment of the last kinetochore, there must fur-
thermore be a switch that allows rapid inactivation of
checkpoint signaling [53,54].
Recently, several more proteins have been impli-
cated in inhibition of Cdc20 (RASSF1A [59]) or Cdh1
(Mad2B/Mad2L2 [60,61]), but the significance of
these findings has not yet been clarified. Additionally,
both Cdc20 and Cdh1 are inhibited by another
pathway centering around Emi1/Rca1 (early mitotic
inhibitor/regulator of cyclin A) [62–64]. Although the
exact mechanism of APC/C inhibition by Emi1 is
again unknown, this conserved protein has roles in
both entry into mitosis and entry into S phase: prior to
mitotic prometaphase, it appears to keep APC/C
inactive to allow the accumulation of mitotic cyclins,
and in late G1, it helps to overcome APC/CCdh1 activ-
ity to allow the accumulation of cyclin A required for
initiation of replication [62,64,65].
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Table 1. Core components and activating factors of APC/C and SCF and their regulation through proteolysis.
Protein Function Regulation
UbcH5/Ubc4 E2 for RING finger E3s like APC/C and SCF Not regulated
UbcH3/Cdc34 E2 in SCF pathway Not regulated/autoubiquitination
UbcH10/E2-C/UBCx E2 in APC/C pathway D-box-dependent autoregulation by APC/C
Cullin 1-5 SCF cullin subunits Regulated by neddylation
Apc2 APC/C cullin subunit No neddylation, autoubiquitination in vitro
Roc1/Hrt1/Rbx1 SCF RING finger subunit Autoubiquitination in vitro/unstable when overexpressed
Apc11 APC/C RING finger subunit Autoubiquitination in vitro/unstable when overexpressed
Skp2 F-box protein, leucine-rich repeats Degraded via SCF and APC/C
β-TrCP F-box protein, WD40 repeats Degraded by SCF in cis
Cdc4 F-box protein, WD40 repeats Degraded by SCF in cis
Grr1 F-box protein, leucine-rich repeats Degraded by SCF in cis
Met30 F-box protein, WD40 repeats Degraded by SCF in cis
Emi1 F-box protein, APC/C inhibitor Degraded by SCF in trans
Tome-1 F-box protein, Wee1 inhibitor Degraded by APC/C
Cdc20 APC/C activator, WD40 repeats Degraded by APC/CCdh1
Cdh1 APC/C activator, WD40 repeats Degraded by APC/C, autoregulation
Plk1/Cdc5 Leads to mitotic entry, inactivates APC/C inhibitor Degraded by APC/CCdh1
Cdk1 Mitotic regulator, activates APC/C Activating cyclin subunits degraded by APC/C
Regulation of SCF Assembly
In addition to post-translational control of substrate
availability, the main regulation of SCF complexes
takes place at the level of complex assembly. The
modular build-up of SCF complexes allows for multi-
ple combinations of components and necessitates the
eventual disassembly of existing complexes and their
reassembly with new substrate recognition modules.
An important role in this process is played by the
eight-subunit COP9 signalosome (CSN), a complex
with homology to the lid subcomplex of the 19S pro-
teasome regulatory particle. CSN has been suggested
to function as an ‘assembly and maintenance plat-
form’ for SCF complexes [66,67]. At the molecular
level, association of CSN with SCF inhibits ubiquitina-
tion activity, partially because CSN can remove the
small ubiquitin-like modifier Nedd8/Rub1 from cullins,
which otherwise helps to recruit E2s to SCF ligases
[68]. In addition, CSN copurifies with the deubiquitina-
tion enzyme Ubp12, thereby counteracting SCF-medi-
ated ubiquitination. A possible explanation for these
inhibitory activities is that ongoing ubiquitination may
have to be quenched during reassembly of an SCF
(reviewed in [66,67]).
Another important regulator of SCF assembly is
TIP120A/CAND1 (for TBP interacting protein/cullin-
associated and Nedd8-dissociated). This HEAT repeat
protein binds to both the carboxyl and the amino ter-
minus of Cul1 (and all other cullins as well) and inhibits
the interaction with Skp1 and associated F-box pro-
teins [66]. Cullin deneddylation is a prerequisite for
CAND1 binding, suggesting a scenario in which CSN-
mediated removal of Nedd8 not only inactivates an
SCF complex, but also allows CAND1 to bind the
cullin and displace the substrate adaptor module. Re-
neddylation may in turn dissociate CAND1 and allow
the cullin to assemble with another substrate recogni-
tion module into a new SCF complex [66].
Adjusting SCF Composition through Proteolysis
Having perfected the art of proteolytic regulation, it is
perhaps not surprising that cell-cycle ubiquitin ligases
are themselves subject to such control. This is espe-
cially evident for SCF regulation in yeast. The lack of
an obvious CAND1 homolog, and the fact that neither
neddylation nor deneddylation appear to be essential
in Saccharomyces cerevisiae [66], indicate that inacti-
vation and disassembly of SCF complexes can also
take place by alternative means. Indeed, the best-
studied F-box proteins in yeast are very short-lived
and apparently degraded upon autoubiquitination
[69,70]. It is likely that substrate availability directly
influences the degradation of F-box proteins in cis.
Indeed, autoubiquitination of the human F-box protein
β-TrCP2 is inhibited by the presence of its substrate
phospho-IκBα, and phospho-IκBα also stabilizes the
F-box protein in vivo [71], implying that, in the pres-
ence of bound substrate, the substrate becomes the
primary target of ubiquitination. In the absence of
copious substrate, however, ubiquitin will be conju-
gated to the unliganded F-box protein instead, pre-
sumably catalyzing its dissociation from SCF and
subsequent degradation [71–73]. In this feedback
mechanism, SCF complexes that have momentarily
run out of targets could be disassembled and
equipped with different adaptors to serve in other,
more pressing tasks.
Although autoregulation of F-box proteins appears
to have roles not only in yeast but also in metazoan
organisms [71,73], their periodic or intrinsic instability
is often a consequence of ubiquitination in trans. For
example, SCF-dependent degradation of Emi1 does
not depend on the F-box present in this protein, but
instead on recognition by complete SCF1β-TrCP com-
plexes [62,74]. Likewise, although the human F-box
protein Skp2 is ubiquitinated within its SCF complex
in vitro, and stabilized by mutations affecting its
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Figure 1. Modular structure of the cullin-
based ubiquitin ligases APC/C and SCF.
Both types of E3 share the catalytic
module of RING finger and cullin subunits
(light and dark blue, respectively) that
recruits E2 enzymes (dark green) carrying
ubiquitin (Ub). Different, specific SCF sub-
strate adaptors are either bound directly
to the cullin amino terminus (such as the
BTB proteins in SCF3 complexes) or via
adaptor proteins like Skp1 (in SCF1) and
Elongin B/C (EloB/C in SCF2). Note that
the constitution of the APC/C substrate
recognition module is unclear, as is the
role of Cdh1 as substrate adaptor. FBP,
F-box protein.
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binding to Skp1 in vivo [73], its proteolytic regulation
does at least in part depend on the APC/C (see
Crosstalk section) [75,76].
Proteolytic Control of APC/C Activity
Core components of the APC/C are rather stable pro-
teins (C. Gieffers and J.-M. Peters, personal commu-
nication) and, although differential localizations of
exogenous APC/C subunits have been reported [51],
there is at present little evidence for different functions
of APC/C subassemblies or an SCF-like modularity
[33,34,40,77]. Still, proteolytic regulation also influ-
ences APC/C activity. The first example for this was
the activator Cdc20, whose levels are highest during
mitosis and lowest during G1 [78–80]. Degradation of
Cdc20 depends on the APC/C itself [79,80], implying
autoregulation in cis in a manner similar to F-box pro-
teins. However, degradation of Cdc20 at the exit from
mitosis and in G1 requires destruction or KEN boxes
in yeast and vertebrate Cdc20, respectively [32,79,81].
Since the KEN box appears to be only targeted by
APC/CCdh1 [32], and Cdh1 downregulation through
RNA interference stabilizes Cdc20 significantly [76],
Cdc20 may be a trans substrate of complexes that
have already switched to activation via Cdh1 in mid-
mitosis. On the other hand, Cdc20 is also unstable
during nocodazole-induced spindle checkpoint arrest
[65,79,82], and this degradation depends on APC/C
activity and checkpoint components in yeast, but not
on the D box [79,83]. Thus, autoregulation in cis may
play a role in the regulation of Cdc20 levels as well.
Protein levels of the second APC/C activator, Cdh1,
are also lower from G1 to early mitosis and in G0
[45,65,84]. Again, this downregulation of Cdh1
appears to be caused by degradation. In fission yeast,
Cdk phosphorylation destabilizes the Cdh1 homolog
Srw1/Ste9 [85], raising the possibility of SCF-depen-
dent degradation via a phosphodegron. Reporter gene
chimeras of vertebrate Cdh1, on the other hand, are
stabilized by mutations in putative D boxes [84]. Fur-
thermore, Cdh1 mutations that prevent APC/C associ-
ation inhibit Cdh1 degradation in frog egg extracts,
implying that Cdh1 destruction is caused by autoubiq-
uitination in these systems [84].
It is still mysterious why Cdc20 and Cdh1 are pro-
teolytically regulated. As Cdc20 appears to activate
only mitotically phosphorylated APC/C, its continued
presence in other phases of the cell cycle should not
be detrimental. It is possible, however, that Cdc20
degradation may aid in the swift transition from
APC/CCdc20 to APC/CCdh1 during anaphase, or stabi-
lize a prolonged prometaphase arrest caused by the
spindle checkpoint. Consistent with this second pos-
sibility, a modest increase in Cdc20 levels has been
found to impair spindle checkpoint arrest [83]. Cdh1
downregulation in G0 and G1, on the other hand, may
reflect a reduced need for APC/CCdh1 activity at these
stages when most of its targets are synthesized at
rather low rates, and mirror the autocatalytic down-
regulation of F-box proteins in response to reduced
substrate abundance. As phosphorylated Cdh1 in G2
and early mitosis is unable to associate with the
APC/C, it may no longer be subject to autoregulation,
allowing it to accumulate to the high levels needed at
mitotic exit [84].
The third autoregulated component of APC/C-
mediated ubiquitination is the ubiquitin-conjugating
enzyme E2-C/UbcH10 [86]. E2 autoubiquitination is
not an uncommon phenomenon, but in this case, it is
dependent on the APC/C and leads to degradation of
E2-C [86]. Strikingly, autoubiquitination of E2-C
appears to happen in cis and is inhibited by high
levels of APC/C substrates, ensuring that E2-C
destruction only happens after the majority of APC/C
targets have been degraded (M. Rape and M.
Kirschner, personal communication). As in the case of
Cdh1, downregulation of E2-C may reflect an attenu-
ation in response to a reduced requirement for APC/C
activity in G1. Moreover, it is conceivable that it pro-
vides an additional mechanism for switching off
APC/C-mediated proteolysis: stabilization of E2-C
does indeed interfere with the reaccumulation of
cyclin A at the end of G1 (M. Rape and M. Kirschner,
personal communication).
No E3 Is an Island: Crosstalk and
Interdependencies between APC/C and SCF
Originally, APC/C and SCF were viewed as relatives
who had gone their own ways, confining their activi-
ties to generally non-overlapping phases of the cell
cycle. A body of recent work shows, however, that
there is a high level of crosstalk between APC/C and
different types of SCFs. For example, the fission yeast
S-phase cyclin Cig2 is targeted by both the APC/C
and SCF1Pop1/2, and this dual regulation (in combina-
tion with transcriptional control) ensures a spiky
expression pattern with a sharp peak of Cig2 levels at
the G1–S boundary [87,88]. Similar dual controls
appear to be in place for human Cdc25A, a phos-
phatase that removes inhibitory phosphorylation from
S-phase Cdks. Cdc25A contains a KEN box and is
degraded by the APC/C at the end of each mitosis
[89]. Additionally, Cdc25A is degraded in G1 and S
phases as soon as genotoxic stress activates a DNA
damage checkpoint response. In this case, kinases
phosphorylate Cdc25A to create a β-TrCP phospho-
degron (consisting of the sequence DSGxxS, where
both serines have to be phosphorylated), thus making
the phosphatase a target for ubiquitination by SCF1β-
TrCP [90,91].
Connections between the APC/C and SCF path-
ways do run deeper still. As already mentioned, F-box
proteins are regulated not only via autoubiquitination
within their respective SCF1 complexes, but some-
times also in trans through other ubiquitin ligases.
One example is Skp2, a leucine-rich repeat F-box
protein that targets the Cdk inhibitors p21Cip1,
p27Kip1, and p57Kip2 [9–11] for degradation, thus pro-
moting entry into S phase. As the G1–S transition
marks the commitment for another round of cell divi-
sion, Skp2 levels are tightly controlled. At least in qui-
escent cells, downregulation of Skp2 seems to work
through autoubiquitination that depends on Skp2
assembly into functional Cul1-containing complexes
[73]. In cycling cells, on the other hand, Skp2 levels
oscillate in patterns similar to those of typical APC/C
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substrates, and APC/CCdh1 is indeed responsible for
degradation of Skp2 via an amino-terminal D box
[75,76]. Notably, downregulation of Cdh1 through
RNAi does not only stabilize Skp2 in G1, but also pro-
motes premature entry into S phase in a Skp2-depen-
dent manner [75,76]. Therefore, the APC/C directly
regulates a component of an SCF1 complex and
influences an SCF-dependent event.
In a second case of F-box protein downregulation in
trans, the APC/C is the victim and not the perpetrator
(Figure 2A). The F-box protein Emi1 inhibits the APC/C
through binding to both Cdc20 and Cdh1 [62,63,65],
and this inhibition is relieved by degradation of Emi1.
Surprisingly, despite its F-box-dependent interaction
with Skp1, Emi1 is not directly targeted to a core SCF,
but, like Cdc25A, to SCF1β-TrCP [74,92]. This trans ubiq-
uitination may have the advantage of allowing for addi-
tional regulation through mitotic kinases. Consistent
with this, Emi1 phosphorylation through Cdk1 acceler-
ates its degradation [74]. Although Cdk1-mediated
phosphorylation does not itself create the β-TrCP
phosphodegron, it appears to be a priming event, as
Emi1 can now be recognized by the polo box domains
of Plk1. Plk1 subsequently phosphorylates the DSGxxS
motif in Emi1 and thus promotes its recognition and
ubiquitination through SCF1β-TrCP (Figure 2A) ([93] and
D. Hansen and P. Jackson, personal communication).
So far, it is unclear if Emi1 itself assembles into an
SCF1 complex via its F-box, but a role in targeting
Cdc20 and Cdh1 for SCF-mediated degradation could
be imagined. Although this is purely speculative at the
moment, such a link between the two ubiquitin ligase
pathways would provide the first example of an SCF
proteolytically regulating APC/C components.
Finally, the as yet least understood case of con-
vergence between APC/C and SCF pathways is
found in the regulation of Wee1/Swe1, a kinase that
helps to fine-tune the timing of Cdk activation during
entry into mitosis [94]. Phosphorylation by Wee1
inhibits Cdks, whereas dephosphorylation of Cdks
by Cdc25 phosphatases activates them (Figure 2B).
Inactivation of Wee1 therefore shifts the balance
toward active Cdk, and appears to depend on Wee1
phosphorylation [94]. In frog egg extracts, Wee1
inactivation may also involve degradation through
the SCF [95] and an F-box protein called Tome-1
(trigger of mitotic entry). Tome-1 associates with
SCF1 components and binds Cdk-phosphorylated
Wee1, raising the possibility that it may be a phos-
phorylation-dependent substrate adaptor for Wee1
ubiquitination [96]. As Tome-1 itself undergoes KEN-
box-dependent degradation through the APC/CCdh1
pathway, it represents another example of crosstalk
between the ubiquitination systems [96].
Somatic forms of Wee1 have also been reported to
be SCF1 substrates [97]. In this case, however, no
involvement of Tome-1 was found, but rather ubiquiti-
nation depended once again on SCFβ-TrCP and two
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Figure 2. Crosstalk between APC/C and SCF.
(A) Emi1, an APC/C inhibitor, is degraded by SCF1β-TrCP. The kinases Cdk1/cyclin B and Plk1, which phosphorylate Emi1 to promote
its degradation and APC/C activation, are subsequently inactivated via the APC/C pathway. (B) The role of SCF1β-TrCP-dependent
degradation of Wee1 in Cdk activation. The kinases Cdk1/cyclin B and Plk1 that phosphorylate vertebrate Wee1 and stimulate its
degradation are APC/C targets, as is the F-box protein Tome-1. Orange text denotes APC/C substrates, and blue text SCF substrates.
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modified β-TrCP phosphodegrons that can be gener-
ated by Cdk1 and Plk1 (Figure 2B). Yeast Wee1
homologs, on the contrary, are apparently not inacti-
vated through degradation but by mitotic hyperphos-
phorylation [98]. Nevertheless, levels of the budding
yeast homolog Swe1 do drop at the exit from mitosis,
and in this case, the instability depends on functional
APC/C [6]. Finally, APC/C and SCF intermingle in the
control of a Swe1 inhibitor, the kinase Hsl1 [94].
Similar to human Cdc25A, Hsl1 is constitutively
degraded via the APC/C in M and G1 phases [99], and
regulated by an SCF, namely SCF1Cdc4, in response to
a stress-induced checkpoint triggered by high intra-
cellular calcium levels [100].
Paving the Way and Burning the Bridges — the
Bigger Picture
Regulated protein degradation is a key principle of
cell-cycle control, and it is intimately linked to the
kinase-based oscillatory system driving the cycle. In
addition to their roles in targeting a variety of cell-
cycle-regulated proteins for destruction, a good part
of APC/C and SCF activity is therefore dedicated to
the control of the ubiquitin ligation system itself. While
the preceding sections described examples of E3
components that are themselves under proteolytic
control, this paradigm can be extended to targets that
are linked to the APC/C and SCF as activators or
inhibitors. This is exemplified by mitotic Cdk com-
plexes, which promote APC/C activation in the first
place, only to have their activating cyclin subunit
destroyed through the APC/C later.
Overall, it appears that the APC/C destroys many of
the factors that have promoted progression to the
stage of its activation, like cyclins or Polo-like kinases,
and eventually even its own activators Cdc20, Cdh1,
and E2-C (Figure 3). Thus, just as Cdks initiate their
own inactivation by activating the cyclin degradation
machinery, the APC/C also has an in-built,
autonomous switch-off mechanism. Moreover, it
seems that the APC/C is cleaning up various cell-
cycle-advancing factors from previous stages. These
depicted negative feedback mechanisms install the
APC/C as a central component in the core oscillatory
circuit, to which it is already intricately connected via
phosphorylation of its subunits and activators. As a
consequence, interfering with certain APC/C activities
may result in a deregulation of important cell-cycle
regulators. Consistent with this, Cdh1 downregulation
promotes premature S-phase entry [75], and het-
erozygous mutations in APC/C subunits have been
found in colon cancer cell lines [101]. Cell-cycle func-
tions of SCF complexes, on the other hand, appear to
be more diverse. This may be due to the versatility of
SCFs and the fact that their activity is not cell-cycle-
regulated but controlled by their modular assembly
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Figure 3: Global roles for APC/C and
SCF1 in the core cell cycle.
Green denotes activation or inhibition that
promotes cell cycle progression, whereas
red indicates activities that block pro-
gression. APC/C substrates are in orange
letters, and SCF1 substrates in blue. Note
that most cell-cycle-advancing activities
are inactivated by the APC/C, whereas
blocking activities are removed by SCF
substrates. Blue asterisks indicate pro-
teins that become SCF1 targets during
checkpoint or stress responses. See text
for details.
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and the status of the substrates. In this way, they can
act to entrain the cell-cycle clock by removing blocks
to progression (such as Emi1, Wee1, or Cdk inhibitors)
or by participating in checkpoint responses (for
example through degradation of Hsl1 or Cdc25A),
allowing them to serve as integrators for various
signals that influence cell-cycle control (Figure 3). In
this light, specifically interfering with certain SCF path-
ways may be a promising approach to manipulate cell
proliferation in cancer cells.
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